In this paper, we present group-contribution (GC) based property models for estimation of physical properties of amino acids using their molecular structural information. The physical properties modelled in this work are normal melting point (T m ), aqueous solubility (W s ), and octanol/water partition coefficient (K ow ) of amino acids. The developed GC-models are based on the published GC-method by Marrero and Gani (J. Marrero, R. Gani, Fluid Phase Equilib. 2001, 183-184, 183-208) with inclusion of new structural parameters (groups and molecular weight of compounds). The main objective of introducing these new structural parameters in the GC-model is to provide additional structural information for amino acids having large and complex structures and thereby improve predictions of physical properties of amino acids. 
Introduction
Amino acids, both natural as well as modified types, are widely used in the food and pharmaceutical industry on account of their nutritive and therapeutic properties. They are also extensively used in the cosmetics and personal care products owing to their high solubility and compatibility with the skin. Further, use of amino acids in consumer-oriented chemical products does not cause any harmful effects on the environment, a vital requirement from REACH® regulation (Echa.europa.eu, 2017) which compels European chemical companies to stop the use of hazardous chemical substances. Recently, driven by the demand for biodegradable chemicals, amino acids are also being studied for the development of biodegradable plastics. Table 1 lists selected amino acids and their applications in food, cosmetics and personal-care, therapeutic, and polymer industry.
The normal melting point (T m ) of amino acids is a fundamental physical property of amino acids that allows estimation of solubility of amino acids (when used together with heat of fusion data as shown by Eq. (1) (Kontogeorgis and Folas, 2010) ) and provides useful information on whether a substance is solid or liquid at normal conditions. (1) where, x i is the solubility of component i at temperature T, is the activity coefficient, is the standard heat of fusion, R is the universal gas constant, T m,i is the melting point and ΔC p,i, is the difference between the heat capacity of the liquid and the solid.
The octanol/water partition coefficient (K ow ) is the ratio of the equilibrium concentrations of organic compound in the two phases. By convention, the ratio of concentrations is expressed as octanol over water. K ow is a measure of tendency of an organic compound to partition out of water into other environmental compartments (these could be sediments, micro-organisms etc.). Organic compounds with K ow less than 10 2 will not partition into any environmental compartments. Whereas, compounds with K ow greater than 10 6 will tend to partition and accumulate in the environmental compartments.
Water solubility (W s ), on the other hand, is defined as the maximum amount of an organic compound that is dissolved in pure water at a specific temperature, and it is also an important parameter in environmental studies. The relevance of T m , W s , and K ow of amino acids in chemical process-product design and environmental studies is therefore very high. There are three ways in which a property user can obtain these physical properties: (i) using available databases/open literature; (ii) performing laboratory measurements; and/or (iii) using property prediction methods. A key limitation associated with the use of databases is the limited number of compounds and limited amount of property-data stored in them. While use of experimentally measured physical properties is highly desirable, laboratory measurements may be time consuming, expensive, and sometimes may not even be feasible due to unavailability of samples or due to thermal decomposition issue. Therefore, it is more practical and convenient to employ property prediction methods to obtain the physical properties of amino acids, at least in the early stages of chemical product-process design (Constantinou and Gani, 1996) .
The normal melting point of organic compounds is a difficult property to correlate because it is dependent upon the arrangement of the molecules in the crystal lattice as well as upon the strength of the pairwise group interactions (Katritzky et al., 2001 ). (Low et al. 1996) The modelling of melting point of amino acids is even more challenging and difficult due to the fact that these compounds are amphoteric and hence they exist as zwitterions at their isoelectric point (pI). Their ability to form zwitterions leads to stronger electrostatic attraction which in turn leads to larger energy requirement to break the bonds. For the estimation of normal melting point of organic compounds, several property prediction models have been published in the literature. These models can be broadly classified into two types: (i) GC based models; and (ii) Quantitative Structural-Property Relationship (QSPR) based models.
In a GC-method, the property of a pure compound is a function of structurally dependent parameters, which are determined as a function of the frequency of the groups representing the pure compound and their contributions. In principle, it is an additive method, where the contributions of each group towards a property are summed to obtain the property value.
Simamora and Yalkowsky (1994) proposed a simple GC method to estimate the normal melting point of aromatic compounds using 1690 compounds in the regression. Gold and Ogle Method has been used to develop the software program MPBPWIN in the EPI suite ®, which provides a recommended melting point based on the weighted average of the values predicted using the two methods (Jain and Yalkowsky, 2007) . Table 2 provides a list of selected property prediction models for the estimation of normal melting point and their model performance statistics. As can be seen from Table 2 , it is difficult to model normal melting points of organic compounds and achieve prediction accuracy close to the experimental measurement error. and by Meylan and Howard (1996) .
To the best of our knowledge, no property prediction models have been reported in the literature for the estimation of physical properties of amino acids (natural or modified types).
This work aims to develop property prediction models based on the Marrero and Gani GC- 
Methods and Tools Used for Property Modelling
To develop a GC-model that can provide accurate and reliable estimates of physical properties of amino acids, a systematic methodology based on the property-data-modelanalysis is employed (Hukkerikar et al., 2013) . It includes following steps: While developing property models, very often, the experimental data-set is divided into training and validation sets. This should not be applicable for GC-models, since the validation set usually formed by randomly selecting the experimental data-points will exclude some of the GC-model parameters and thereby limit the application range of the GC-model.
Also, when all the available experimental data-points are used in the parameter estimation step, it results in lower uncertainties of estimated model parameters and hence lower uncertainties (better reliability) of predicted property values (Hukkerikar et al., 2012).
Marrero and Gani (MG) Method
In the MG GC-method, the property estimation is performed at three levels. 
The function f(X) is a function of property X and it may contain additional adjustable model parameters (universal constants) depending on the property involved. In Eq. (2), C i is the contribution of the first-order group of type-i that occurs N i times. D j is the contribution of the second-order group of type-j that occurs M j times. E k is the contribution of the third-order group of type-k that has O k occurrences in a component. Eq. (2) is a general model for all the properties and the definition of f(X) is specific for each property X.
An example showing the representation of the molecular structure of the compound: 5-Hydroxymethylindane (CAS No. 51632-06-5) using first-order, second-order and third-order groups of the MG GC-method is given in Table 3 . 
Data Sets
In the present study, we used a data-set containing 239 values for T m of amino acids, 211 values for W s of amino acids, and 335 values for K ow of amino acids to build predictive GCmodels. These experimentally measured property values of amino acids are collected from Sigma-Aldrich (Sigma-Aldrich, 2017) and from the database available at KT-Consortium. Table 4 
Selection of suitable property model function
The basis for selecting an appropriate property model is the study of behaviour of the property values of amino acids with their increasing molecular weight. This is illustrated for the case of T m property in Figure 1 . 
In Eq. 
Parameter Estimation and Uncertainty Analysis
The optimization algorithm used for the parameter estimation is the Levenberg-Marquardt technique (Madsen et. al., 2004) 
Where, the Jacobian matrix J(P * ) calculated using ∂f/∂P * represents the local sensitivity of the property model f to variations in the estimated parameter values P * . Eq. (7) is useful to assess the reliability of the prediction (when experimental data is available for the property).
If the experimental value is within the calculated confidence interval, then the property prediction method can be considered as reliable. When experimental data is unavailable, the 
Statistical Performance Indicators
The statistical significance of the developed correlations in this work is based on the following performance indicators (Hukkerikar et al., 2012).
 Standard deviation (SD):
The root mean squared error value which is an estimator of standard deviation is calculated using, 
Model Performance Statistics
The model performance statistics for the developed GC-model for T m , W s, and K ow of amino acids are given in Table 5 . In Table 5 , N is the number of experimental data-points considered in the regression. The residuals (X exp -X pred ) for data-points considered in the regression are plotted in the form of residual distribution plot and is given in Table 5 . The definition of new third-order groups is based on the "molecular structure similarity criteria" approach. In this approach, the molecular structure of one amino acid is compared with the structures of other amino acids in the data-set to identify a set of amino acids that are "similar" in nature. Here, "similar" amino acids mean amino acids having one or more firstorder groups (which are building blocks of molecule) in common. A list of new third-order groups together with their contributions is given in the supporting information (Table S3, groups 75 to 110). Table 6 indicates the improvement in predictions of T m due to the new third-order group "(CH n ) m -CH(NH 3 +Cl-)-COOH (n in 0…2), (m in 0,1,2…)" for 4 amino acids that are "similar" in molecular structure (the fragments of molecule that are "similar" in nature are marked as circles in Table 6 ). The model performance statistics based on various types of amino acids is given in Table 7 . 
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Application Examples
The application of developed GC-model to estimate T m of amino acids is illustrated by considering the amino acid, L-Phenylalanine methyl ester hydrochloride (CAS: 7524-50-7).
The experimentally measured value of T m for L-Phenylalanine methyl ester hydrochloride is 433.2 K and this amino acid is present in the data-set used for parameter regression purpose. Table 10 provides information of first-order, second-order, and third-order groups used to represent L-Phenylalanine methyl ester hydrochloride, their frequency (that is, occurrences in the structure) and the contributions for each group and taken from group-contribution tables given in the supporting information (Tables S1-S3 ). Using this information and the adjustable parameters, the predicted value of normal melting point is 430.9 (with absolute error = |433.2-428.9| = 4.2 K). To calculate the confidence intervals, say the 95% confidence intervals of the predicted T m value, the covariance matrix COV(P * ) given in Table 10a and the local sensitivity J(P * )given in 
Conclusions
Group 
Supporting Information
Following tables are included as a supporting information. 
